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On Electrical Conductors.” 
BY WILLIAM HENRY PREECE, F.R.S., M. Inst. C.E. 

IN no branch of engineering  has  the  mutual dependence and reac- 
tion  between practice and  theory been  more  beneficial than  in  the 
useful appliances of electricity. Without  theory  the rule-of-thumb 
telegraphist would have been stationary. Without practice the 
electrician would have been a  dreamer. The practical difficulties 
of telegraphy  incited the physicist to trace  out  the  laws  that 
govern the behaviour of this  subtle Power of Nature,  and the 
appearance of new facts has  driven  the practical telegraphist  into 
lines of inquiry and discovery. Physicists have  been  metamor- 
phosed into practical engineers, while no telegraph-engineer 
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deserves that  title unless he also  possesses that of a scientific 
man. 

These conclusions are  very  strongly iIlustrated by  the improvc- 
ments made in  the  quality of the conductors employed  for the 
transmission of electric  currents. 

Copper.--In the first telegraphs of 1837 nothing but copper wire, 
owing to its high position as a conductor, was  used in England,  and 
it was  buried  nnderground; but  the difficulty then experienced in 
insulating  buried  wires  was so great, that  they were  removed  from 
underground  and suspended on  po1es.l The  ductility,  the  want of 
tensile strength,  and  the absence of elasticity of copper, as then 
produced, rendered it inlpracticable for this purpose. It was 
speedily replaced by iron. Iron has since been almost universally 
used for aerial lines, while copper remains the sole material  for 
underground and submarine purposes where mechanical strength 
is of little consequence. Mechanical strength  and price seem to 
have been the only considerations that governed the choice of 
conductors in  the earlier  days ; but as soon as speed  of transmis- 
sion assumed a commercial aspect, as it did in 1858,  when Atlantic 
telegraphy  was an accomplished fact, then  the electrical qualities 
of the material  engaged  the  attention of the telegraph engineer. 
Sir William Thomson in 1856 pointed  out the  great differences in 
conductivity observable in various samples submitted  to him, 
although  these samples mere  supposed to be of the  very best 
quality; while the late Mr. Augustus  Natthiessen in 1860 made 
an exhaustive inquiry into these  variations  and their causes. He 
determined the electrical  conductivity of pure copper, and defined 
a standard  which is that now in use,2 and showed that  the 
variations  were  due to impurities,  principally oxygen and metal- 
loids. A mere trace of arsenic reduced the conductivity 40 per 
cent., while  contact with  air  when in a molten state reduced it 
24 per cent. 

The result of Matthiessen’s inquiries has been not  only to 
remove the  great variations in  the conductivity of the copper, but 
to immensely  irnpro7-e its  quality.  While  in 1861  electricians 
were  content to specify that  the copper should not  fall below  85 per 
cent. of pure copper, they now specify 96 per cent., and  they 
obtain it of a remarkably uniform quality.  The value of this im- 
provement  may be estimated from the fact, that  the carrying 
capacity of a cable for messages is increased in the same  pro- 

* In 1848 a  copper  mire was put  up between Paris and Rouen. 
Matthiessen’s standard is 100 inches,  weighing 100 grains,  giving 0.1516 

ohm at 60° Fahrenheit. 
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portion as  the conductivity of the copper is improved. Thus a 
cable  made of the copper of to-day  will carry twice the number 
of messages that a similar cable of copper would in 1858. 

The progressive  improvement is shown by  the following  Table : 
Cable. Year. 

Dover and Calais . . . . .  1851 
Portpatrick and Donaghadee. . 1852 
Atlitntic Gable. . . . . .  1856 
Red Sea . . . . . . .  1857 
Malta and Alexandria . . , 1861 
Persian Gulf . . . . . .  1863 
Atlantic cables . . . . .  1865 
Irish cable . . . . . . .  1883 
Pure copper . . . . . . . .  

Conductivity. 
42-00 
46.00 
50.00 
75.00 
87-00 
89.14 
96.00 
97-90 

100~00 

I t  is not, however,  alone in cables that  an improvement of work- 
ing has  been effected by  increasing  the conductivity of the copper. 
It has  imported additional efficiency to  the apparatus. Greater 
useful effects are obtained with  the Bame current. I n  all  the 
practical applications of the  current, it has an economical advan- 
tage, for it lessens the waste of energy  in  the  circuit  in  direct 
proportion t o  the improvement effected. In  an electric-light main 
a difference of 10 per cent. in the  purity of the copper might lead 
to  the waste of several HP. The  test for purity is extremely 
simple. Every text-book, or book  of tables, has  the resistance of 
a foot-grain, a  metre-gram,  a mile-pound,  or a knot-pound,' of 
pure copper a t  every  degree of ordinary  temperatures-call this 
R,. Take a piece of the  cylindrical conductor to be measured. 
Let W be its  weight, 1 its  length,  then 

R, P __ = 
W r1 

gives its resistance at  the temperature at  the point of observation 
if it be truly  cylindrical  and  the copper  be  pure ; but by actual 
measurement it will be fouud to  be r,. Then 

and X is  its percentage of purity. 
The resistance of all metals is  very  much affected by tempera- 

ture. Matthiessen  studied this  with  great care. He found that 

* 1 metre weighing 1 gram = 0.144 ohm at Oo C. 
1 foot ,, 1 grain = 0.2064 ,,  ,, 
1 knot ,, 1 pound = 1091.22 ,, ,, 
1 mile ,, 9, = 842 ,, 7, 
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within ordinary limits  the increase due t o  higher temperatures. 
was approximately  expressed by  the formula. 

R, = R, (1 + a t ) ,  

where R, is  the resistance at  0’ C., and. R, the resistance at 
the temperature t .  He ascertained the coefficient a to be for 
pure copper 0.0038. Thus  the resistance is increased 38 per cent. 
between the freezing and boiling points, and it may therefore be 
increased 20 per cent. between  winter  and  summer  temperatures. 
Hence it is desirable to determine the efficiency of electric-light 
leads at  the  highest  temperature to which they  will be  exposed, 
t o  avoid unnecessary  and injurious waste of energy. 

But copper is  not  only used for submarine cables and for under- 
ground lines ; it is also  employed for overhead wires through towns 
and many  smoky districts. It is  not so readily attacked  by  the 
gases in  the  air  as  is  iron or zinc. For such purposes,  however, 
mechanical strength, which is of little consequence in  insulated 
wires, becomes of essential importance. 

Copper wire  when in  the process of manufacture is always 
drawn cold, and  is said to be ‘‘ hard-drawn ” before it is subjected 
t o  the  annealing process, after which it is called “soft.” Soft 
copper  always  gives  a higher conductivity than hard-drawn 
copper, but  its tensile strength  is reduced. Pure soft copper has 
a  very small  breaking  strain,  probably  under 10 tons on the 
square inch, but  hard-drawn copper is now supplied that has  a 
breaking  strain of 28 tons on the square inch. 

Copper wire  has  been erected in localities where iron wire is 
destroyed in a  few  months, and now, after four years’ experience, 
it appears  practically unaltered. The diameter of the wire  has  not 
been  lessened inch, and it maintains  its  original  qualities 
unimpaired. In the neighbourhood of chemical, varnish,  and  other 
works it becomes encrusted with  a  thick deposit, but beneath this 
it remains unaffected. 

Age  alone, as far as experience extends, seems to have no ap- 
preciable influence on the  quality of unstrained copper. I ts  con- 
ductivity and its  ductility remain constant. But when  copper 
wire  has  been removed  from magnet coils, such as the field 
magnets of a dynamo, it becomes brittle,  but curiously enough 
this seems to occur even  when the magnets  are  out of use. 
Mr. Sabine  has found that silk-covered wire, particularly of the 
finer sizes,  wound upon  experimental  apparatus,  gets  in  a few 
years  equally brittle,  whether  the  instrument  is  thrown aside 
or whether it is continuously at work. Neither paraffin nor 

Downloaded by [ UNIVERSITY OF IOWA LIBRARIES] on [16/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] PREECE ON ELECTRICAL CONDUCTORS. 67 

electro-gilding check this brittleness. It is probably an effect due 
to  the  strains  that  the  wire experiences  when wound on a reel and 
subject t o  the incessant variations  due  to  change of temperature. 

Matthiessen  observed no difference  produced by  the passage 
of electric currents. The conductors of the  Atlantic cables laid 
in 1858, 1865, and 1866 are found as perfect now as when they 
were made. The conductors of all cables  seem to  remain constant. 
But Gaston  Plant6 discovered that  the continued  discharge of 
great  quantities of electricity  through fine wires  rendered  them 
brittle,  and  Callaud asserted that  lightning conductors  were  very 
brittle. If  that be so, some result  may be anticipated from the 
employment of currents for electric lighting.  At present  there  has 
scarcely been sufficient experience to teach much  on this point. 

It is well known that impure copper and  its alloys, particularly 
brass, become brittle when exposed to atmospheric influences in 
workshops, but  this influence has  not been  observed in  telegraphic 
conductors. 

Wires more than  twenty  years old,  used as battery leads, and 
constantly  subject  to  the transference of electricity through  them, 
show no signs of deterioration. The experience of telegraph 
engineers is entirely in favour of the constancy  and  durability of 
copper as a conductor. 

The size of conductors is govel-ded by strictly  theoretical con- 
ditions, dependent upon the purposes to which they  are applied, 
and it is controlled by commercial considerations. In  telegraphy 

’ speed of working is  the criterion ; in electric lighting,  and  in  the 
transmission of power, waste of energy  is the criterion. Sir 
IVilliam Thomson has  given  a  law  which indicates that  the annual 
value of the wasted  energy  must  equal the  interest on the  capital 
expended in  laying down the conductor to give the maximum 
nseful economical result. Any  departure from this law, to secure 
lower capital  expenditure, means shortsighted policy and non- 
scientific practice. 

Copper is imported into  the  country  either  as ore or as regulus, 
bar or ingot. The  purest comes either from Japan, Chili, Australia, 
or from Lake Superior. Much pure copper is produced by  the 
Swansea  method of copper-smelting, especially by  the modification 
of that system  known as L‘ best selecting ;’ but  within  the  last few 
years  very  pure copper for electrical purposes  has been obtained 
by improvements in the  treatment of the metal in  the smelting 
and  refining furnaces, some  of which  have been so successful that 
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there is no difficulty in  getting metal giving an electrical con- 
ductivity equal to 99 per cent. of pure copper. Great  purity of 
copper is also arrived at  bF electro-deposition, of which  there  are 
two methods-the  one by depositing the  metal from a solution 
obtained from the ore, the other  by using  impure copper as the 
anode in  a depositing bath containing  a  standard solution. Electro- 
deposited copper has  not the same mechanical strength as ordinarily 
refined  copper. 

At  the  Paris  Electrical  Exhibition of 1881 there was  one  coil of 
copper wire 1 * 3  millimetre in diameter, weighing 181 kilograms, 
and measuring 15 kilometres long. 

Iron.-Iron has  been hitherto used exclusively for overhead 
wires. In the first days of gutta-percha,  about 1849, iron was 
employed as  the conductor to be  coated with  the new  gum, 
but  its  inapplicability for this purpose was speedily discovered. 
I ts  abundance, its cheapness,  and its admirable  mechanical pro- 
perties have  singled it out for practical telegraphic  purposes; 
but  its resistance is very  high,  and  materially increases the 
difficulties of the  telegraphic engineer. The  great improvements 
effected in  the electrical qualities of copper, directed attention 
to  the same qualities  in  iron;  but  although copper has been so 
vastly  improved, the same progress  has  not been  made with iron. 
Copper refiners have relied more  upon the aid of the chemist 
than iron-wire manufacturers. In  fact  the improvements made 
have been  forced  upon the  latter.  The process in  this case has 
been  more tentative  and less scientific. There  is  still room for 
progress. Although the Author  had for many  years advocated 
attention t o  this point, the Americans  were the first to specify 
conductivity in applying for tenders. They defined a  standard 
which was called the Ohm-mile-that is, it was the  weight of a 
cylindrical  wire 1 mile in  length, which  gave  a resistance of one 
ohm at  60" Fahrenheit.  While  the first iron  wire  supplied  under 
this specification gave  a mile-ohm of 5,500 lbs., it is now fre- 
quently obtained as low as 4,520 lbs. In the present specifica- 
tion of the Post Office the fixed  maximum resistance is equivalent 
t o  a mile-ohm of 4,800 lbs. 

The amelioration made in  the  quality of iron  wire  is  illustrated 
by  the following  measurements :- 

Inch. Ohms. 
1873 Iron wire . . . 0.171 15.31 per mile. 
1883 1 ,  7, 1 . * 3 ,  11.30 9 ,  9 9  

I n  the  earlier  days of the telegraph best puddled-iron was  used 

W. H. P. 
* Mile-ohm is more euphonious than ohm-mile, and is used in preference.- 
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for wire,  which,  however, was very liable to  splits  and flaws, and 
an  alteration was made by  using piled puddled-iron or B  B  (best- 
best). This description was  again  improved  by  the  introduction 
of " box-piled iron " of puddled and  English charcoal, sometimes 
called extra  B B, and  by four-sided charcoal-piled iron of English 
charcoal and  puddled,  which  has been called extra special BB;  
but  the  terms  B B, &C., have now lost all significance-the com- 
monest description of fencing wire only  being  known  by  the 
term.  During  the  last decade a  mild  English Bessemer steel  has 
been very  largely  employed, especially for railway-telegraphs, 
and for staying purposes ; but  the resistance of most wires of this 
description is high,  averaging  about 6,800 lbs. per mile-ohm, this 
high resistance being  mainly  due to  the  high percentage of 
manganese,  which in  this description of wire varies from 0 * 25 
to 0.75  per cent. The  wire used by  the Post Office is of Swedish 
charcoal-iron, with  a mile-ohm resistance, as already  stated, of about 
4,520 lbs. Swedish Bessemer,  or a specially prepared low-carbon 
English Bessemer, is used by  the  Indian government, with a 
mile-ohm resistance of about 5,400. Cast-steel wire, with  a break- 
ing-weight of about 80 tons to  the square  inch,  has been  adopted 
on the  Continent for telephone  circuits with  a mile-ohm resist- 
ance of 8,000 lbs. The  Table (p. 70) will show at a  glance the 
various descriptions of iron and of steel  telegraph  wire  which 
are now in use, or have been  used, the  tests being  given for 
0.171 inch, or 400 lbs. t o  the mile, that being the  standard size in 
England, and a size very  largely employed throughout  the world. 

It will  be  noticed  by  Table A, that while in England,  where 
speed of working is  the prime consideration, and  length of span 
may  be neglected,. electricians are satisfied with a breaking- 
strain of 22 tons on the square  inch ; in  the Colonies, where long 
spans  are essential, and speed of working is not so important,  the 
specification is 30 tons on the square inch. 

The chemical  analysis of samples of different wires, with  their 
approximate resistances when  annealed for use as telegraph-wire, 
Table B, will be interesting :- 

ANALYSIS of SAMPLES of DIFFERENT WIRE. 
No. 1. Swedish Charcoal Iron, very soft and pure. 
,, 2. Swedish Charcoal Iron, good for P. 0. specification. 
,, 3. Swedish Charcoal Iron, not suited for P. 0. specification. 
,, 4. Swedish Siemens-Martin Steel, 0.10 carbon. 
,, 5. Best Puddled Iron. 
,, 6. Bessemer Steel, special  soft quality, 0.15 carbon. 
,, 7. Bessemer Steel, special hard quality, 0.45 carbon. 
,, 8. Best Cast Steel. 
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TABLE A.-MECHANICAL and ELECTRICAL  TESTS O f  SEVEN DESCRIPTIONS Of 
IRON TELEGRAPH WIRE. 

Four samples of each kind. 

Description. Diameter. 

1744 
1. " B B " puddled iron . 

3. " Extra B B." Box piled of) 
puddled and English 
charcoal, thus- 

E. C. 

E. C. 

4. " Extra special B B." Four 

thus- 

172 
E. C . l X I E .  C. 

E. C. J -. 

171 
7. Swedish charcoal . . 

1712 

7 

'wista in 
i inches. 

16 
13 
14 
174 
16 
9 
12 
174 

11 
W :a4 

15 
14 

20 
19 
19& 
12 

21 

2 
13% 
23 
25 
245 
276 

ireaking 
Neight. 

1,470 
lb. 

1,380 
1,436 
1,182 

1,220 
1,316 
1,238 
1,292 

1,456 
1,538 
1,398 
1,452 

1,42( 
1,415 
1,484 
1,475 

1,63! 
2,lU 
1,48! 
2,541 

1,391 
1,38b 
1,456 
1,318 

1,191 

1,12E 

1,358 
1,194 

Resistance 

:educed to 
per Mile 

' 1T1 inch at 
60° Fahr. 

14.4200 
15.5592 
13.8897 
13.8983 

14.0582 
15.5820 
15.6234 
14'1640 

15.6191 
15'3715 
15.5452 
15.3017 

15'5129 
15'6844 
16.3574 
15.5471 

15.9988 
18.5663 
14-6922 
19.1480 

12.6808 
12.9709 
13-6587 
13.0222 

11.3490 
11.3052 
11.2241 
11-3133 

1 E. C. = English charcoaL P =puddled iron. 
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No. of Samplea. 

Carbon . . 
Sulphur . Silicon . . 
Phosphorus. 
Manganese. 
Copper . . 
Iron . . 
Mile-ohm at) 

60’ Fahr. 

-- 

PREECE ON ELECTRICAL  CONDUCTORS. 71 

‘TABLE B. 

0.090  0.100  0.150 0.1001 0.100’ 0.150 
trace trace 0.018 trace 0.090 0.018 
trace 0.022 0.019 0.035 0.030 0.092 
0.012 0.045 0.058 0.03-1 0.218 0.077 
0.060 0.030 0.234 0.324 0.234 0.720 
trace trace trace trace 0.015 trace 

99.690 99.700 99.440 99.600 99.110 98.740 

4,546  4,502  4,820  5,308  5,974  6,163 
lbs.  lbs.  lbs.  lbs.  lbs.  lbs. lbs. 

This Table shows in  a  very  striking way that  the electrical 
conductivity of iron wire increases with  the percentage of pure 
iron, except  where the percentage of manganese is  high;  an 
increase in  the percentage of manganese  augments the electrical 
resistance considerably more than  an increase in  the percentage 
of sulphur or phosphorus. 

The  durability of iron  wire is maintained by galvanizing-a 
most inappropriate  title for a  very simple operation. The wire, 
which is first chemically cleaned by  being passed through  a  bath of 
hydrochloric acid, is then  drawn  through  a  bath of molten zinc, at 
such  a pace as  will secure the adhesion of the requisite layer of 
zinc. The zinc becomes  oxidised when exposed to  the  air, and 
since zinc-oxide is insoluble in water, the wire is protected with 
an impervious  coating; but when this zinc-oxide is exposed to 
sulphur-acids it becomes converted  into zinc-sulphate, which is 
soluble. Hence the zinc is removed, the iron is exposed, and 
oxidation  and destruction rapidly  supervene. 

When  the galvanized  wire is  to be  suspended in smoky districts, 
it is additionally protected by  a braided covering, well tarred. 
In  some countries galvanizing is not resorted to, but simple oiling 
with boiled linseed oil is depended  upon. Such  a  wire was erected 
in 1856 between London and  Rugby,  but  the  result was very 
unsatisfactory. More recently (1881) the experiment has been 
repeated with  a  similar  result. In this  climate  galvanization is 
imperative. 

But it is  not  alone  in smoky districts  where iron wire decays. 
It suffers  much along the seashore. The  salt  spray decomposes 
the zinc-oxide into soluble  compounds, which  are washed away 
and  leave the iron exposed, and  this  is speedily reduced to mere 
khin red lines. 

1 ‘6 The Electrician.” October  16, 1S80, p. 253. 
- 
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Where  external decay is  not evident, time seems to have no 
apparent effect on iron wire. Wire  that  has been erected for forty 
years seems as strong, as elastic, and  as  conductive as it was at 
first. In pure  country  air its  durability seems infinite ; but 
sometimes, especially through fir forests, it is subject to 8ome 
corroding influence. Bauschinger in 1878 tested iron taken from 
chain  bridges that  had been  erected in 1827 and in 1852, and 
found the  strength  and  elasticity unimpaired. Thurston found 
the same in Philadelphia  after  forty years’ exposure. Thirty- 
nine  years of incessant service in conveying  currents for tele- 
graphy  have  not  apparently altered the molecular structure of iron 
wireR in  the open country on the London and  South  Western 
Railway.‘ 

Manufacture.-Swedish charcoal-iron being now the only descrip- 
tion used by  the  British  Post Office, the Author  has selected it for 
describing the manufacture of iron telegraph-wire. It is imported 
either in bloom or in rods, principally in rods. Each rod is rolled 
down to  about 0.26 inch in diameter, and  weighs on the average 
about 1 cwt. 

Iron wires used t o  be drawn in very  short  lengths,  weighing from 
15 to 20 lbs. involving  numerous welds,  splices, or joints-points 
of great weakness-but  now they can be rolled and  drawn  into 
lengths longer than  are practically required. Coils 0 - 171 inch 
in diameter, weighing 400 lbs. and  measuring 1 mile  have been 
exhibited,  but 110 lbs. is about the best practical  limit for trans- 
port  and use. 

By  the mills invented  by Mr.  George  Bedson, of Richard 
Johnson and Nephews, Manchester, the  billets can be rolled 
in this  country  without welds into rods weighing  upwards of 
l ton in weight ; and  the Author would mention how much tele- 
graph engineers are indebted for the modern improvements in 
telegraph wire to  the various  inventions of this gentleman. 

The Swedish iron owes its value  not  only to its comparative 
purity,  but  to  the fact that it is smelted and puddled  entirely 
with charcoal. The best qualities  are  a  mixture of various ores, 
and  they are known by various  brands, the conditions determining 
these brands  being secrets. 

The rods  arrive in  this  country  dirty  and  rusty,  and  the  first 
operation is  to cleanse them. This is done by immersion in a 
bath of diluted  sulphuric acid which  thoroughly removes every 
trace of oxide and  dirt.  The clean rods are  then coated with 

’ Journal of the Society of Telegraph Engineers, 1880, vol. in., p. 42. “ On 
the Durability of some Iron Wire,” by William Henry Preece. 
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lime to  prevent  further oxidation, and  well baked to  dry off all 
trace of  acid.  One end of each rod is  next pointed to admit of 
insertion in  the draw-hole, and it is  then drawn down by oue 
operation to No. 5 W.G.,  or 0.212 inch in diameter. The  act of 
drawing  the wire  considerably modifies its molecular structure. 
It becomes “ short,”  and before it can be drawn down to  a smaller 
size, it must be well  and carefully annealed. It is  then  again 
cleaned and coated with lime, and  reduced to 0.171 inch in dia- 
meter.  Since the drawing down has  again  shortened the  texture, 
it has once  more to be  annealed, before receiving its final opera- 
tion of galvanization. After  galvanization it is straightened  by 
being  drawn  through a, series of jockey rollers, and wound round 
two  wheels, one of which  has  a slightly ,quicker motion than  the 
other. It is finally gauged  and tested before being stored away 
for future use. 

The  Author  has described the manufacture of 400-lbs. wire, 
which is  that  principally adopted for telegraphic purposes in 
England,  but  the explanation is equally applicable to  any  other 
size-the wire  after each drawing  being annealed. 

Testing.-The operation of testing  is  a most important one, and 
requisite not only for the user, but also for the manufacturer. 
Flaws, impurities, faults,  notwithstanding  the  greatest care, will 
occur, and  they can be detected  only by  the most rigid examination 
and tests. Tests  are  mechanical  and electrical. The mechanical 
tests  embrace one for breaking-strain,  another for elongation, and 
a  third for torsive capacity. For  hard steel-wire, in place of 
the torsion test, it is usual to specify that  the  wire shall bear 
wrapping  round its own diameter  and  unwrapping  again  without 
breaking. In  France  the torsion test  is replaced  by  another by 
which the wire is  bent a t  a  right  angle backwards  and  forwards 
four  times for wire 4 mm. in diameter. Special machines are 
constructed for the mechanical  tests, the condition to be fulfilled 
being that for the breaking-strain the increasing load  or stress 
shall  be  applied  uniformly,  without  jerks or jumps,  and the 
elongation-machine shall correctly register  the  actual  stretch 
without  the wire slipping. The torsive capacity of the  wire is 
determined by  an  ink mark  which forms a  spiral on the wire 
during torsion, the number of spirals indicating  the number of 
twists  taken before breaking. The electrical test  is simply that 
for resistance-& of a mile of the  wire  to  be examined is wound 
round  a dry wooden drum ; and its electrical resistance is  taken 
in ohms by means of a Wheatstone’s bridge. Galvanization is tested 
by  dipping  in  sulphate of copper, and  by  bending or rolling 
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round  a  bar of varying diameter, according to  the size of the 
wire. 

Speczjication.-The perfection to which the manufacture of iron 
wire has  been  brought is  greatly due to  the care bestowed upon 
the specifications by  the  authorities of the Post Office and of the 
India Office. No lesson of experience  has been neglected; no 
point  has  been  left open to doubt. The  standard  'has been 
gradually raised, until it is now very  high. It is fixed, and  not 
subject to those continual  changes that are  irritating  and expen- 
sive to  the manufacturers,  who  have in consequence  been able to 
select their materials, and  to ascertain by experiment the best 
methods of treatment to produce the  high  results required. 

It cannot  be too strongly  urged that specification without  rigid 
inspection is valueless. The  manufacturer who for his own 
reputation,  and  in obedience t o  the dictates of his conscience, 
strictly complies with  the requirements of a  rigid specification 
at  the expense of his pocket, without  the check of a  subsequent 
inspection, may  exist  in  theory,  but  he  is  not  found  in practice. 
Equally difficult is it to find the careful and  painstaking inspector 
who,  possessing the requisite technical knowledge and experience, 
will  rigidly  perform  his task, regardless of the blandishments of 
those whose interests  are affected by  his blindness or  carelessness. 
Many  administrations object to  the expense of thorough inspection, 
and  the  result  is  they  are  the recipients of the rejected material 
of those  who do rigidly inspect. One break in  the wire costs far 
more than  its inspection, and one extra ohm per  mile affects the 
earning  capacity of the wire in inverse proportion. 

It is, however, necessary to remark that  the mechanical  quality 
of charcoal-iron wire sometimes changes with time-its electrical 
quality remaining unaffected. The molecules  seem t o  set, and 
the wire to become harder. This is shown by  a diminution in 
the number of twists, and  by  an increase in  the tensile strength. 
Tests repeated at some subsequent period may therefore be decep- 
tive, unless allowance  be made for the effect of' time.  Bessemer or 
homogeneous iron wire as a rule inlproves in  its mechanical 
properties by being  kept  in stock. 

Gauge.-The vexed question of gauge as applied t o  wire  has 
been fought  with well-nigh the same energy as that of railway 
gauges. The  result is, that confusion has become  more  confounded. 
The various  Birmingham wire-gauges-as various as  the seats of 
the manufacture of  iron-were consolidated into one rery useful 
gauge  by  the Society of Telegraph  Engineers;  but  the Board of 
Trade  has recently taken  up  the subject, and  has issued another 
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gauge,  which  has the  merit of being authorised. It is fixed and legal, 
and therefore it must be accepted. However, it departs so seriously 
from all recognised gauges,  and  ignores so completely the metrical 
system,  which is steadily  and  surely  making its way  into commer- 
cial use, that  the Post Office authorities  have decided to abandon 
a  gauge  altogether as applied to conductors, and to define  size by 
diameter  and  weight.  Thus, in future,  all copper wires will be 
known by  their diameters in “ mils,” or thousandths of an inch, 
and all iron wires by  their  weights  in lbs. per mile. The following 
Table gives the  iron wires  generally in use :- 

l Weight per Mile. Diameter. 

lhs. Inch. Millimetrea. 
800 0.242 

3-0 0.121 200 

4.3 0.171 400 

5.2 0.209 600 

6.0 

GO 1.85 0.066 

Steel  wire is used for long spans, or for places where great 
tensile  strength is needed ; but it is for the  external  strengthening 
of deep-sea  cables that steel  wire  is principally adopted. It was 
first employed in the  Atlantic cable of 1865 for this purpose. It 
has since been generally used for deep-sea  cables. The  usual 
diameter is 0.099 in., and it is specified to bear  a  breaking- 
strain of 1,400 lbs., which is  equivalent t o  81 tons on the  square 
inch. Steel  wire  has been  produced giving  a  much  higher  tensile 
strength. 

Compound Wire.-A compound wire of steel  and copper  was 
introduced in America  about 1874. It had  a  steel core for 
strength,  with  an envelope of copper to secure conductivity  and 
durability. It has a weight  only one-third of an iron wire of the 
same resistance. It has been extensively tried  in both hemi- 
spheres, but  without success. It has been  impossible to secure 
permanent  adhesion of the envelope and its core. Moisture  has 
in course of time entei-ea, the steel  has corroded away, and  this 
even though  the copper  envelope  has been deposited electro- 
lytically.  Light wires of great  strength  and of low resistance 
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would  be of inestimable  valuc to t,he telegraph engineer, and  the 
failure of the compound wire  has been a source of much  regret. 

Recently  a compound wire  has been erected between New York 
and Chicago, a distance of 1,000 miles, giving  only 1 7 ohm-resist- 
ance  per mile. It has  a  steel core 0.125 inch  in diameter,  and is 
coated with copper electrolytically to a diameter of 0 . 2 5  inch. 
It weighs 700 lbs. per mile. It is  very expensive. Hard-drawn 
copper, or silicium-bronze of a much lighter character, would be 
equally efficient, at probably  one-half the cost. 

Bronze  Wire.-Phosphor-bronze, the  hard mechanical  qualities 
and  great  resisting powers of which are well  known, wa8 intro- 
duced for telegraph  wire  about five years ago. Several lengths 
were erected by  the Post Office. Two  long  spans cross the channel 
that separates the Mumbles Lighthouse from the headland  near 
Swansea. The object in view  was to obtain great tensile strength, 
with  a power to resist oxidation, especially active where the  wire 
is exposed to sea-spray. This was  done in 1879, and now, in 
November 1883, not  the  slightest  change  is noticeable in  the wire. 
But phosphor-bronze, though extensively used, has  high electrical 
resistance ; its conductivity is only 20 per cent. that of copper. 
Moreover, the phosphor-bronze originally  supplied was irregular 
in dimensions  and brittle  in character. It would not  bear bends 
or kinks. Great  improvements  have recently been introduced to 
remedy these disadvantages. 

Phosphor-  and silicium-bronze derive their names, not so much 
because phosphorus  and silicium are mixed with  the copper, but 
because they  are used in  the preparation of the alloy. Pure 
bronze is a mixture of copper and tin, and in the refining and 
mixing process phosphorus  and silicium have the  property of 
removing  impurities,  particularly  the oxides, though doubtless 
some  of the flux remains.  Phosphorus  has  a most injurious 
influence on the electrical resistance of the alloy. Silicium is  far 
superior ; hence the silicium-bronze is preferable for telegraphic 
purposes. I ts  efficiency is  very  great;  in fact, phosphor-bronze 
has disappeared for telegraph wire, and has been  replaced by 
silicium-bronze. 

The conductivity of silicium-bronze can  be  made nearly  equal 
to  that of copper, but  its mechanical strength  is diminished as 
its conductivity is increased. Wire whose conductivity  equals 90 
per cent. of pure copper, gives  a tensile strength of 28 tons on 
the  square  inch;  but when its  conductivity  is 34 per cent. of 
pure copper, its  strength is 50 tons on the square inch. Its 
lightness, combined with  its mechanical strength,  its  high con- 
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ductivity  and its indestructibility,  render it eminently  adapted for 
telegraphs. 

The Table below gives the results of  some tests made by  the 
Post Office upon different specimens of bronze and copper sub- 
mitted for trial. 

Long telegraphic lines, for which iron wire  weighing 400 lbs. 
per  mile is now  used,  can be made of copper  or of bronze  wire 
weighing 100 lbs. per mile, which would give  higher electrical 
efficiency ; and over-house lines, for which  steel  wire is  often 
used,  can now be replaced  efficiently by wire  weighing  only 30 lbs. 
per mile, which would be almost invisible. 

EXPERIMENTS on DIFFERENT QUALITIES of WIUE. 

COPPER- i 
-081 nil nil 30.322 2.072106.100 

*OS2 29.164 1 .5 :  2.5 2.088107'630, 

.08472-136116.400 

105.310 .OS1 ,2.072 

30.306 0 . 5 : 1  
l 

0 . 5  

'wista in 6 inches. 

3 :  16 23: 3. 

1 : 25 27: 5: 

,4 : 25 24 : 21 

i3 : 19 11 : 21 

7 :  19 16 :  2r 

16 

27 

50 

84 

Resistance in Ohms 
at 60° F. Conduc- 

Copper 
=loo. ' ~ ~ ~ t -  Per Mile. 

tivity. 

-p-- 

8.6359 94.616 0.22258 

15.4370 0.22734 

90.33300-7328522.826 

92.637 

1'4375014.650 57.3900 

8.5009 0.21807 96.571 

11.34900.30235 

8.41000.2224594.60 

9-2400:0.2699578.00 

82.50 0.25538 9.4400 

69.60 

If such  overhead-wires  were erected upon sightly supports, and 
with some method, there would  be an end to  the meaningless 
crusade that  is now  made in some quarters  against  aerial 
lines. These, if constructed judiciously, and  under  proper control, 
are  far more  efficient than underground lines. Corporations and 
local authorities  should control the erection, rather  than force 
administrations to needless  expense and to reduced  efficiency by 
putting  them underground.  Not  only do light wires hold less 
snow and less wind, but  they produce less electrical disturbance; 
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they can be  rendered noiseless, and they allow existing  supports 
t o  carry  a much  greater  number of wires. Other bronzes have 
been tried,  but  without  any  evident  advantage,  either in  quality 
or in price. 

German  Silver.-German silver  is employed generally for rheo- 
stats, resistance coils, and  other  parts of apparatus in which  high 
resistance is required. It consists of :- 

Copper . . . . . .  4 parts. 
Nickel . . . . . .  2 ,, 
Zinc . . . . . . .  1 part. 

The  variation in  its resistance due to changes of temperature 
is small. Its coefficient is 0 0004-copper being 0 0038-that is, 
about  ten times less. Its resistance per  metre-gramme is l 85 ohm, 
while copper is 0 144 ohm. The effect of age on German-silver 
is  very marked. It becomes brittle. Mr. Willoughby-Smith  has 
found  a similar change with age, even in  the case of wire  drawn 
from an alloy of gold and silver. 

Conclusion.-It is evident from what  has been said, that  the form 
and  character of electrical conductors  must vary  with  the  pur- 
poses for which they  are intended. For submarine cables and for 
electric-light  mains,  where mechanical strength  is not required, 
and where dimensions are of the utmost consequence, the con- 
ductors  must  be  constructed of the  purest copper  producible, for 
copper is  the best practical material at  command. 

On the other  hand,  aerial lines must  not  only  have great 
tensile strength,  but  in  these days of high-speed  apparatus they 
must  have  high conductivity, their dimensions must  be  such  as 
to ensure low electrostatic capacity, they  must expose to wind  and 
snow the least possible surface, and they must  be practically 
indestructible. Iron ha0 hitherto occupied the field, but copper 
and alloys of copper  seem in many instances destined to  supplant 
that metal, and  to fulfil all  the conditions required in  a more 
efficient way,  and at no greater cost per mile. 

1 Journal of the Society of Telegraph Engineers, vol. ix., p. 4% 
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